Background. Electromyographic biofeedback (EMG-BFB) has shown equivocal benefits on gait retraining after stroke. Objective. The authors evaluated the efficacy of EMG-BFB applied in a task-oriented approach based on principles of motor learning to increase peak ankle power of the affected leg and gait velocity in patients with chronic mild to moderate hemiparesis. Methods. They assigned 20 participants randomly to the EMG-BFB group or a control group that received conventional therapy for the same duration. Quantitative gait analysis was performed before and after treatment. The EMG-BFB involved the triceps surae during functional gait activities. Treatment was administered with a fading frequency of BFB application and an increasing variability in gait activities. Both groups had 20 treatment sessions of 45 minutes each, including at least 15 minutes of walking-related therapy for the control group. Follow-up (FU) gait analysis was obtained 6 weeks after training. Results. BFB treatment led to significant increases (P < .01) in peak ankle power at push-off (from 0.63 W/kg to 1.04 W/kg) in conjunction with significant increases in velocity (from 28.3 %h/s-normalized to percentage height per second-to 39.6 %h/s) and stride length (from 44.5 %h-normalized to percentage height-to 57.6 %h). Increases remained significant at FU. There were no changes in any gait variable in the control group. Conclusion. A task-oriented BFB treatment was effective in increasing peak ankle power, gait velocity, and stride length in a population with hemiparesis. Further studies should compare the combination intervention with either of its components in more impaired patients.
Introduction
The gait of people with chronic hemiparesis following stroke is often slow and insecure and, thus, may limit their daily activities. A reduced gait velocity influences participation in community living for people with stroke. [1] [2] [3] Requirements for an effective rehabilitation intervention for walking include targeting the weakness and/or motor control impairment produced by a stroke as well as providing practice of functional movements needed to carry out task activities in daily life. 4, 5 Slow walking speed after stroke is generally associated with a reduced plantarflexor power burst at push-off. It has been suggested that training of the ankle plantarflexors in a task-oriented manner may be particularly beneficial for increasing gait quality and gait velocity. [6] [7] [8] [9] [10] Several studies have used electromyographic biofeedback (EMG-BFB), either alone or in conjunction with conventional therapy, to try to improve aspects of gait in persons with hemiparesis after stroke, but with controversial results. 7, [11] [12] [13] There is some evidence from a small number of individual studies that EMG-BFB in combination with standard physiotherapy produces improvements in motor power and gait quality. 14 However, in a comprehensive review of the literature on the use of EMG-BFB in rehabilitation Woodford and Price 15 found no conclusive evidence of benefit for gait. Recurrent problems in finding evidence for the effectiveness of EMG-BFB include poorly designed studies and/or few participants, as well as a lack of universal and/or standardized outcome measures that adequately capture the effect of the intervention. [14] [15] [16] Adequate outcome measures for rehabilitation of gait, already recommended by Wolf in 1983, 17 include speed, force, and distance.
Another problem in finding beneficial effects of EMG-BFB in rehabilitation may be its mode of application. Although the importance of task-oriented activities within stroke rehabilitation is widely recognized, EMG-BFB has often been applied in static postures and not as part of functional movement activities. To maximize the effect of EMG-BFB it may be important to apply it within taskoriented activity and with a feedback mode that facilitates motor learning. 7, 15, 16 Motor learning principles required for central nervous system activity-dependent plasticity include task-oriented movements, muscle activation driving practice of movement, focused attention, repetition of desired movements, and training specificity. 1, 4 When learning a complex skill, the efficient use of feedback and gradual introduction of task complexities is important. [18] [19] [20] In a previously published single case study, 7 we studied the longitudinal changes in response to a EMG-BFB applied to the triceps surae during functional gait activities in a person with chronic hemiparesis following stroke. The task-oriented BFB was applied according to theories of motor learning to maximize the efficacy of the treatment protocol. The taskoriented approach meant that the feedback was given during gait activities that were progressively more varied and complex, whereas the motor learning approach meant that feedback was reduced progressively with no feedback being given toward the end of the rehabilitation period. Results were interesting because the participant increased gait velocity in a functionally significant manner, and many other variables of his gait improved following treatment. Furthermore, the changes seen in the laboratory appeared incorporated into the participants' daily living activities, suggesting that the protocol was effective in promoting learning and transfer. The present study further explores the technique of taskoriented BFB.
The specific objective of the present study was to evaluate the efficacy of task-oriented EMG-BFB in increasing pushoff power of the plantarflexors on the affected side to increase gait velocity in a population with hemiparetic stroke. The efficacy of the experimental protocol was compared with usual rehabilitation care. It was hypothesized that the experimental approach would be more effective in maintaining treatment effects at follow-up (FU) 6 weeks after the end of training as compared with usual rehabilitation care.
Methods Participants
A consecutive convenience sample of 31 participants with chronic hemiparesis following stroke were assessed at the Don Gnocchi Foundation, Milan, Italy, from March 1, 2006 to September 1, 2008. All had been referred to physical therapy, with one of the objectives being to improve gait performance. In all, 20 participants met the inclusion criteria and agreed to participate in the study. Inclusion criteria were that they were at least 6 months poststroke, that they had the capacity to walk 10 m without aid, that they were capable of a minimum muscle contraction of the triceps surae to produce a feedback signal, and that they had some, qualitative or/and quantitative, deficit of recruitment of triceps surae. Exclusion criteria were that the participants were at a second stroke or more and had prestroke complications that might interfere with walking, that they had significant cognitive impairment (<24 on the Modified Minimental Test), 21 and that they had visual or auditory deficits that might hinder them from benefiting from the feedback.
Clinical tests used for initial screening and to describe the participant's characteristics were the Modified Barthel Index 22 to evaluate daily function, the Modified Minimental Test to evaluate cognitive impairments, and the Timed Walking Test (TWT) 23 to evaluate walking capacity over 10 m. Deficit of recruitment of triceps surae was decided with a manual muscle test (grades 1-4 were included in the study). 24 
Procedures
If patients met the inclusion criteria and agreed to participate in the study, they signed an informed consent form. They were then randomized using random number tables into 2 groups. One group received the experimental protocol, wher eas the other group received traditional physical therapy. Both groups were subjected to quantitative gait analysis at 3 time points: before the beginning of treatment (pretreatment), at the end of 20 treatment sessions (posttreatment), and 6 weeks after the post-gait analysis (FU). The gait analysis assessor was blinded to group assignment of the participants.
The BFB consisted of an acoustic signal driven by the EMG recorded from the gastrocnemius lateralis during gait. The signal was used as feedback of performance, the goal being to increase the power production of the ankle during the push-off phase, with the functional goal of increasing velocity. The functional goal was not stated to participants in either group to reduce risk of compliance to goal expectations during post-gait analysis and FU gait analyses. In accordance with theories of motor learning, the rehabilitation program was divided into different phases. The aims of these phases were the following: to improve gait performance, to increase patient's error self-detection, and to transfer acquired skills during the BFB condition to a context in which the feedback was no longer available. In the first phase (first to fifth session), constant BFB and verbal instructions were used to improve the performance. In this phase, practice was kept constant; that is, EMG-BFB was applied during comfortable overground gait of the patient in which the patient was instructed to lift the heel and allow the knee to bend while pushing and leaving the ground. In the second phase (6th to 15th session), a variable practice paradigm (eg, different step lengths, variable speed, variable terrain, direction changes) was applied with intermittent EMG-BFB. In the third phase (16th to 20th), BFB was mostly withdrawn, and practice continued to be variable. The participant was asked to keep in mind the optimal performance. If the physical therapist felt it was needed, BFB was applied briefly as a reminder in this phase (for further details see Jonsdottir et al 7 ) .
The control group received the usual rehabilitation care administered in the center. The usual rehabilitation care is typically a mixture of therapeutic approaches, including neuro developmental and neurofacilitation techniques, taskspecific training, and/or task-oriented training. Treating therapists were not guided in the treatment application; they were only asked to devote at least 15 minutes of each session to gait training. Participants in both groups had regular contact with the main investigator to minimize the difference in attention. All participants, irrespective of group assignment, received 20 treatment sessions, lasting 45 minutes each, 3 times per week. Efficacy of the treatment was evaluated posttreatment and at 6 weeks FU (see Figure 1 , flow chart).
EMG Feedback
The BFB device (SATEM Mygotron, SATEM srl, Rome, Italy) was worn in a belt pack at the participants' waist. EMG, band-pass filtered at 20 to 950 Hz and then amplified with a gain of 40 000 (50 mVrms range), was rectified, and 100 ms averaged data were sampled at 150 Hz. Surface electrodes were applied over the gastrocnemius lateralis muscle belly according to SENIAM 25 recommendations. The EMG signal was recorded and presented as an analogical audio signal to the participants. With the BFB device, it was possible to read the approximate EMG output of the muscle, and this information could then be used by the therapist and the participant to set an intrasession goal for the amount of muscle activation to achieve. The acoustic feedback appeared as the participant passed the preset goal muscle activation. The intensity of the acoustic signal was positively correlated with the level of muscle recruitment; thus, the farther above the threshold, the stronger was the acoustic signal. There was no feedback regarding the timing of the muscle contraction.
Gait Analysis
Gait analysis was conducted on an 8-m walkway. The participant's walk was recorded while walking in comfortable shoes at a comfortable speed along the walkway. No BFB or coaching was allowed, no constraints were imposed, and neither assistive devices nor orthotic devices were used during the test. Three-dimensional kinematics of the participant's lower limbs were documented with the ELITE (BTS, Milan, Italy) motion analysis system using the SAFlo protocol. 26 Eight cameras at 50 Hz recorded the location of 11 retroreflective markers taped bilaterally onto the skin overlying the bony landmarks of the fifth metatarsal, the lateral malleolus, the head of the lateral epicondylus, the trochanter, a triangle made of coccyx and the posterior iliac spines representing the pelvic movements, the apex of the thoracic curve, and the seventh cervical vertebrae. Raw data were filtered with a specially designed self-adaptive Butterworth filter and elaborated according to Frigo et al 26 to compute kinematics, kinetics, and general gait parameters. The calibration error of the motion system was always less than 1 mm. Ground reaction forces were measured with a dynamometric force platform (Kistler, Winterthur, Switzerland; 50 Hz) incorporated into the walkway.
Outcome Measures
All values are the mean values of 4 to 5 repeated gait trials along the walkway at the preferred speed. The ankle power peak at push-off was derived from a full three-dimensional approach that included all components of ground reaction force, reaction torque, and estimated inertial dynamic components applied by distal segments. Ankle power peak was normalized to the participant's weight (W/kg). Gait velocity was computed as stride length/stride duration. Velocity and stride length were normalized with respect to the patient's height (%h/s and %h, respectively). Peak knee flexion (degree) was recorded during swing.
Data Analysis
Intention-to-treat analysis of data was used. Homogeneity of variances was tested with Levene's test. Repeated measures ANOVA with 1 between-group factor with 2 levels (control and experimental group) and 1 repeated factor with 3 time levels (pretreatment, posttreatment, and FU) was used to analyze the data. When significant main interactions were present, post hoc comparisons were made using Newman-Keuls tests.
A linear multiple regression analysis was run to understand the contribution of individual variables under study to gait velocity in the 2 groups at pretreatment and following rehabilitation. The independent variables included in the analysis in both groups were ankle power peak, stride length, and knee flexion peak.
A significance level of .05 was set for all statistical testing. A posteriori analysis of study power and treatment effect sizes were calculated according to Cohen 27 as a t test between 2 independent means with df = 2 (N -1).
Results
All participants in both groups finished the treatment protocol, and consequently, all were subjected to post-gait analysis. Two participants were missing FU gait measures. One participant in the control group was missing FU measures because treatment was not interrupted after the 20 sessions of the protocol, and 1 participant in the experimental group was missing FU measures because of neurological problems that occurred after the end of treatment and before the 6-week FU gait analysis (see Figure 1 , flow chart). For the data analysis, their FU data were replaced with their posttreatment values.
At baseline there were no significant differences in the characteristics of the groups, except for time after stroke. The experimental BFB group had had stroke for a significantly longer time. See Table 1 for details.
ANOVA and Post Hoc Tests
There were no significant differences in scores at baseline for any of the outcome variables (see Table 2 ).
Ankle power peak. There was a significant main interaction between group and time for peak ankle power at push-off (P = .016). Post hoc analysis revealed that within the BFB group there was a significant increase in their ankle peak power between pretreatment and posttreatment from 0.63 W/kg to 1.04 W/kg (P = .000). There was also a significant increase in their ankle peak power betw een pretreatment and FU from 0.63 W/kg to 1.01 W/ kg (P = .000). There were no within-group statistical differences for the controls from baseline evaluation to post treatment to FU.
Velocity. There was a significant main interaction between group and time for gait velocity (P = .0004). Post hoc analysis revealed that within the BFB group, there was a significant increase in their gait velocity between pretreatment and posttreatment, from 28.7 to 39.62%h/s (P = .000). There was also a significant increase in their gait velocity between pretreatment and FU from 28.7%h/s (P = .000) to 38.8%h/s (P = .000). There were no statistical differences within the control group from baseline evaluation to posttreatment to FU.
Stride length. There was a significant main interaction between group and time (P = .000). Post hoc analysis revealed that within the BFB group, there was a significant increase in their stride length between pretreatment and posttreatment, from 44.56 to 57.69%h (P = .000). There was also a significant increase in their stride length between pretreatment and FU from 44.56 to 57.0%h (P = .000). There were no statistically significant within-group differences for the controls from baseline evaluation to posttreatment to FU.
Knee flexion peak. Main interactions between group and time were not significant for peak knee flexion during swing (P = .28), so no further analyses were run.
We reran the repeated-measures ANOVA with only the 18 (9 in each group) participants who also completed the FU gait analysis (no intention to treat analysis), with the following results for the main interactions between group and time: gait velocity, P = .008; stride length, P = .000; ankle peak power, P = .059; and knee flexion peak, P = .069. 
Multiple Regression
We ran a linear multiple regression analysis separately on the 2 groups to see which of the independent variables investigated best predicted the actual gait velocity before and after treatment. The model was significant for both the BFB group (adjusted R 2 = 0.90; F = 28.964; P = .0005) and the control group (adjusted R 2 = 0.90; F = 29.999; P =.0005). For both groups pre-gait velocity was predicted by stride length that explained 90% (P = .0006) of the variance of the BFB group and 82% (P = .0005) of the variance of the control group. For postrehabilitation, the analysis was run with postscores. The model was significant for both the BFB group (adjusted R 2 = 0.67; F = 7.355; P = .01) and the control group (adjusted R 2 = 0.89; F = 17.082; P < .002). For the BFB group, postvelocity was affected by both postankle peak power and post-stride length, which predicted respectively 61% (P = .01) and 58% (P = .03) of the variance in gait velocity. For the control group, the model for postvelocity resulted in data similar to that for prevelocity, with 74% (P = .14) of the variance being predicted by poststride length.
A Posteriori Power and Effect Size Analyses
The calculated power of the study based on sample size (10), group means, their pooled standard deviation, and a = .05 was 0.81, 0.96, and 1, for ankle power peak, gait velocity, and stride length, respectively. The calculated effect sizes for these 3 outcome measures were 0.7, 0.96, and 0.92 (Cohen's d), respectively, for ankle power peak, gait velocity, and stride length in favor of the task-oriented BFB treatment.
Discussion
A task-oriented BFB, administered according to principles of motor learning, was effective in improving various gait parameters in participants with chronic hemiparesis following stroke. In conjunction with changes in ankle power peak, there were significant increases in velocity and stride length in the experimental group. Effects of the treatment still persisted at FU, indicating that learning had occurred. The calculated effect sizes were high, indicating that the treatment was effective in improving these gait variables as compared with the traditional treatment given to controls.
Gait velocity is considered a valid indicator of functional walking capacity after stroke. 28 The increase in spontaneous gait velocity observed in the BFB group was about 38% of the original velocity. This translates into approximately 0.20 m/s considering the mean velocity of the group. An increase of 0.20 m/s is enough to change from a category of a household walker to a limited community walker, or from a limited community walker to a full community walker, thus indicating a potential change in quality of life following the BFB treatment. 2, 3 The work of the ankle plantar flexors is a major contributor to the forward motion during gait and thus plays a fundamental role in determining gait velocity in healthy individuals. In people with stroke, decreased work of the ankle plantar flexors is the principal problem irrespective of gait speeds. 10, 29, 30 The results of a recent study 29 indicate that participants with stroke are capable of increasing their speed considerably intrasession when asked; however, their general strategy for increasing velocity was by increasing cadence and by increasing hip-positive work. Peak ankle power tended not to increase in correlation with increases in velocity. It has been suggested that problems with balance may be one of the causes of this lack of push-off power. In fact, a high ankle power peak has been described as a "piston-like push-off" that is unstabilizing in everyday gait, where the primary concern may be security. 10, 31 It thus appears that people with balance problems, including people with hemiparesis, may generate as much power as they are capable of without threatening stability. Another possible explanation for people with hemiparesis is that not using energy from the ankle push-off is a vestige from the more acute stage where this strategy would have been difficult to handle, both because of weakness and for general safety reasons. This might then lead to a trained nonuse later on, when potentially this energy-producing gait strategy is possible but not used. 32 In the present study, all participants in the experimental group increased their plantarflexor muscle activation intrasession to meet the goal production (auditory signal at preset muscle activation goal) during gait, indicating that they had the latent motor ability. Slow-timescale disturbances occur when limb dynamics change as a consequence of stroke. To maintain performance, the motor control systems need to adapt to the changing limb dynamics. In the case of individuals with stroke, the adaptation can be relatively efficient or inefficient-that is, the desired action is carried out with efficient use of dynamic resources or not. 33 In any case, adaptation to the new dynamics is necessary to compute actions such as those required for activities of daily living: among these is gait, which has to be efficient enough to allow the individual to move from one location to another in the most efficient and independent manner possible. Our group of participants consisted of people who were in the chronic stage of hemiparesis, including those who were beyond the 3-year limit for recovery after stroke suggested by Stinear et al. 34 Those following the protocol using BFB did, however, increase their natural gait speed and maintain this change at least until the 6 weeks of FU. Training of a specific parameter within the dynamic resources available to the participant-training of push-off power in the present case-probably led to a recalibration in the whole system. This recalibration then may have led to a change in the performance: in the present case, there was an increase in velocity and an increase in stride length. The application of BFB to the calf muscles may be particularly appropriate to achieve a change in an outcome measure such as gait velocity. Other changes that may have occurred (multiple effects of the rehabilitation) were improvement in dynamic equilibrium and other factors that influence functional gait velocity, thus, allowing a faster natural gait.
The concomitant changes in peak ankle power and velocity indicate a relationship between recovery of the impairment and change in the disability, as suggested by Kollen and colleagues. 35 There was a concurrent increase in ankle peak power, an intrinsic recovery of impairment, and a change in the disability as represented by more functional gait speed. 36 The inclusion of peak ankle power as a predictive factor of post-gait velocity in the regression model following the BFB treatment demonstrates the change in the underlying dynamic resources for walking. Reisman and colleagues, 37 using a paradigm of split-belt locomotor training, demonstrated that regardless of the severity of sensorimotor deficits or velocity of walking, people with stroke retain the ability to make motor adaptations. In the present study, all the participants in the experimental group were capable of adapting their motor output in response to feedback during a task-oriented training, and this new capacity was incorporated into their habitual motor repertoire as demonstrated by retention at FU 6 weeks later.
Others have demonstrated concomitant changes in peak ankle power and gait velocity following training in individuals with stroke. In a study by Teixera-Salmela and colleagues, 9 a 10-week general training program resulted in significant increases in gait speed that were associated with increases in peak ankle power, which increased by 76% of the original value. The increase in peak ankle power was larger than that found in our study, which was 65% relative to the initial power peak. Colborne and colleagues, 11 using BFB on the soleus muscle in a task-oriented approach, saw a trend toward an increase in push-off power following training with significant changes in stride length and walking velocity.
Shorter stride length is directly related to slower walking speed and to reduced balance. 38 In our BFB group, we saw increases in velocity and stride length associated with an increase in ankle power peak. This may also be indicative of increased stability following treatment. The treatment was task oriented and focused on gait activities that got progressively more varied and challenging. In a recent work of Richards and colleagues, 8 it was suggested that the taskoriented approach was the key factor in the improved performance rather than the various rehabilitation technologies. They described rehabilitative approaches very similar to those used in gait activities in the experimental group in the present study (task-oriented practice with increasing difficulty and variety). It is possible that irrespective of the BFB, the change in velocity and stride length would have been similar for our experimental group because of the task-oriented approach to training. This could be an issue to address in future studies. Nonetheless, the concomitant change in ankle peak power indicates the importance of this variable. This is further corroborated by the outcome of the multiple regression. For both the control group and the BFB group at pretreatment, the only significant predictor of preferred gait velocity was stride length. At posttreatment, the regression model for the control group remained unchanged, whereas for the BFB group, both stride length and peak ankle power were significant predictors of the post-gait velocity. This indicates that having increased the contribution of the peak ankle power, a new element has been added to the model posttreatment and that gait velocity post-BFB treatment is, at least partly, a result of the treated impairment.
In the present study, the group of chronic stroke individuals receiving traditional physical therapy did not improve in gait velocity or in the gait parameter outcomes measured. This could partly be because of the motor recovery plateau as described by Page and colleagues. 39 The patients were all in the chronic state and were receiving the habitual therapeutic exercises; thus, perhaps they could be described as being in the adaptive state. It may be that the novel approach of the task-oriented BFB had a positive effect on the BFB group. In our experimental approach, we tried to keep to the key elements for task-oriented therapy and motor learning approaches by providing a critical amount of practice, increasing the task difficulty as the participant's skill increased, providing relevant quantitative feedback of the participant's performance, and providing high frequency of feedback in the first stage of learning followed by fading feedback-all approaches that should aid in the rehabilitation process irrespective of the specific treatment. It could also be argued that the training was more task specific in the experimental group because most of each session was spent in walking activities. However, all the participants had been referred to physical therapy with the goal of improving gait (among other goals), and all therapists treating the control group were urged to use at least 15 minutes of the session for walking activities.
There are limitations to the generalizability of the results. The study was carried out with a limited sample of individuals with chronic stroke who varied from being moderate to good gait performers. The results obtained in this study are only applicable to persons who have characteristics similar to that of the study group. Further research would be needed to verify the efficacy of the intervention for people with more severe gait disabilities. Furthermore, it could be interesting to see the effect of the intervention on individuals with stroke in the subacute stage. Another limitation of the study is the lack of direct measurements of the perceived treatment effect on daily activities and/or functional activities. It would be interesting to see whether the increase observed in natural gait velocity in the BFB group translated into an improvement in quality of daily living or a perception thereof. Finally, the study results demonstrate only that the whole approach used was superior to usual rehabilitation care in improving gait in this group of individuals with hemiparesis. Beyond that, the results can only give indications as to the singular effect of the task-oriented approach, the BFB, or the motor learning approach in improving gait. These effects remain to be ascertained in further comparison studies.
Conclusion
A task-oriented EMG-BFB treatment was effective in increasing peak ankle power and, concurrently, gait velocity and stride length in a population with chronic hemiparesis, suggesting that intervening at the impairment level within functional activities is effective in promoting functional improvement. The treatment effects persisted through the 6-week follow-up period, indicating that the changes were incorporated into daily walking behavior. The results highlight the importance of developing treatment approaches that are effective in maximizing underlying mechanisms responsible for neurological and adaptive recovery in individuals with hemiparesis, even in the chronic state.
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